Aims/hypothesis Increased NEFA levels, characteristic of type 2 diabetes mellitus, contribute to skeletal muscle insulin resistance. While NEFA-induced insulin resistance was formerly attributed to decreased glycolysis, it is likely that glucose transport is the rate-limiting defect. Recently, the plant-derived sugar alcohol xylitol has been shown to have favourable metabolic effects in various animal models. Furthermore, its derivative xylulose 5-phosphate may prevent NEFA-induced suppression of glycolysis. We therefore examined whether and how xylitol might prevent NEFAinduced insulin resistance. Methods We examined the ability of xylitol to prevent NEFA-induced insulin resistance. Sustained~1.5-fold elevations in NEFA levels were induced with Intralipid/heparin infusions during 5 h euglycaemic-hyperinsulinaemic clamp studies in 24 conscious non-diabetic Sprague-Dawley rats, with or without infusion of xylitol. Results Intralipid infusion reduced peripheral glucose uptake by~25%, predominantly through suppression of glycogen synthesis. Co-infusion of xylitol prevented the NEFAinduced decreases in both glucose uptake and glycogen synthesis. Although glycolysis was increased by xylitol infusion alone, there was minimal NEFA-induced suppression of glycolysis, which was not affected by co-infusion of xylitol.
Introduction
Increased circulating levels of NEFA contribute to the pathogenesis and progression of type 2 diabetes at least in part by impairing peripheral insulin sensitivity [1] . Multiple mechanisms are likely to be involved in NEFA-induced insulin resistance, including insulin-signalling defects and low-grade inflammation [2, 3] . While Randle's hypothesis proposed that increased NEFA availability results in impairments in the activities of key enzymes of glucose oxidation, subsequent reports suggest that the rate-limiting step resides at the level of glucose transport [4] . Xylitol and its derivatives have been shown to have favourable metabolic effects in rodents and humans [5] [6] [7] [8] , although it remains to be determined whether they have insulin-sensitising effects independent of their effects on body composition. As xylulose 5-phosphate (Xu-5-P) increases the formation of fructose 2,6-bisphosphate (Fru-2,6-P 2 ) [9] , we predicted that xylitol infusion would enhance glycolytic flux. Therefore, we infused xylitol during insulin clamp studies in normal rats in the presence of increased NEFA to determine whether xylitol could reverse NEFA-induced insulin resistance, and whether stimulation of glycolysis might be responsible for its effects. Hence, elevating NEFA acid levels transiently with lipid emulsion provides an acute model of insulin resistance in which the insulinsensitising effects of xylitol could be formally tested.
Methods

Animals
Twenty-four male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA, USA) were studied 5-7 days following central catheter placement, as previously described [10] . The National Institutes of Health's principles of laboratory care were followed, and the study was approved by Einstein's Institutional Animal Care and Use Committee.
Clamp studies
Studies were performed in awake unstressed rats fasted for 6 h. Euglycaemic-hyperinsulinaemic (18 mU kg
clamp studies were performed with [3-3 H]glucose infusion (New England Nuclear, Boston, MA, USA; 2.96 × 10 5 Bq bolus, 1.48×10 4 Bq/min) [10] . A variable infusion of 25% glucose (wt/vol.) was started at t00 and adjusted every 5-10 min, maintaining basal plasma glucose concentrations (~7.0 mmol/l). Clamp studies were performed under the following conditions in four groups of age-and weight-matched rats: (1) Intralipid, (2) Intralipid/xylitol, (3) xylitol control and (4) saline control.
Intralipid A continuous infusion of lipid emulsion (Intralipid 10%, Baxter Healthcare, Deerfield, IL, USA; 1:2 suspension with heparinised saline [154 mmol/l NaCl]) was maintained for 5 h (1.5 ml/h; n06) throughout the clamp studies.
Intralipid/xylitol Continuous infusions of lipid emulsion at 1.5 ml/h (as above) were maintained for 5 h during the clamp studies, with the addition of xylitol infusion (15 μmol kg −1 min −1 ) from t0−1 to 5 h (n07).
Xylitol control Xylitol alone (15 μmol kg −1 min −1 ) was infused from t0−1 to 5 h (n05) during the clamp studies.
Saline control Clamp studies over 5 h, with saline infusion from t0−1 to 5 h, were performed in six rats.
Sampling and measurements Plasma samples were obtained at 10 min intervals throughout the studies for determination of [ 3 H]glucose-specific activity. Samples for measurement of plasma insulin and NEFA concentrations were obtained hourly from t0−1 to 5 h. The total volume of blood sampled was~4.0 ml/study. To prevent volume depletion and anaemia, approximately 6.0 ml of fresh blood (obtained by heart puncture from a littermate) and heparinised saline (10 U/ml) was infused (1:1 [vol./vol.]). Rectus abdominal muscle samples were obtained at the end of the studies as previously described [10] , and stored at −80°C.
Analytical procedures
Plasma-specific activity and rates of glucose uptake, glycolysis and glycogen synthesis were measured/calculated as previously described [10] . Plasma glucose was measured by the glucose oxidase method, plasma insulin by radioimmunoassay and plasma NEFA by enzymatic colorimetry, as previously described [10] . Fru-2,6-P 2 levels were measured in triplicate using the 6-phosphofructo-1-kinase activation assay [11] . All values are presented as mean±SE. Comparisons between groups were made using repeated-measures ANOVA and Student's t tests, where appropriate.
Results
Animal characteristics
Mean animal body weights and baseline plasma glucose and NEFA concentrations were similar in all groups (p>0.1) ( Table 1) . Insulin clamp conditions Plasma glucose concentrations were maintained at basal levels and plasma insulin levels were maintained constant at~3,472 pmol/l throughout all studies. Plasma-specific activity was constant in all studies. Plasma NEFA concentrations fell rapidly to~0.2 mmol/l during the saline and xylitol control studies in response to high insulin levels. Plasma NEFA concentrations were maintained at~50% above basal levels by Intralipid infusion and were comparable in the Intralipid and Intralipid/xylitol studies (Table 1) .
Glucose uptake Systemic insulin sensitivity was assessed by tracer-derived measures of glucose uptake and the glucose infusion rates (GIRs) required to maintain euglycaemia during the clamp studies. Intralipid infusion alone resulted in significant decreases in glucose uptake by~3 h, with~25% decreases observed by 5 h (4-5 h035.9 ± 1.7 vs 1-2 h048.6 ± 2.8 mg kg −1 min −1 ; p00.0053) (Fig. 1a, b) . Elevated NEFA levels also reduced GIR by 29% (4-5 h025.1 ± 1.1 vs 1-2 h035.6±1.3 mg kg −1 min −1 ; p00.0006, Fig. 1c, d) ,
with half-maximal reductions in glucose uptake and GIR by~3.5 h. In the saline control studies, there were no significant time-dependent decreases in GIR (4-5 h034.2 ±1.9 vs 1-2 h037.5±1.5 mg kg −1 min −1 ; p00.20) or glucose uptake (4-5 h 037.5 ± 2.3 vs 1-2 h 041.9 ± 1.3 mg kg −1 min −1 ; p00.13). There was also no effect of xylitol alone on GIR (4-5 h031.9±4.8 vs 1-2 h034.1± 2.4 mg kg −1 min −1 ; p00.66) or glucose uptake (4-5 h042.5 ±4.7 vs 1-2 h046.3±2.7 mg kg −1 min −1 ; p00.10). Despite prolonged increases in NEFA, co-infusion of xylitol prevented reductions in GIR, and time-dependent effects on glucose uptake did not differ from the control groups (Intralipid/xylitol011.7±2.2% decrease; p>0.99 by ANOVA vs. saline011.2±2.4% and xylitol010.5±5.8%).
Glycogen synthesis and glycolysis
The decrease in glucose uptake in the NEFA studies was accounted for by reductions in rates of both glycogen synthesis (4-5 h025.9±2.6 vs 1-2 h032.4±3.2 mg kg −1 min −1 ; p00.022; Fig. 1e, f) and glycolysis (4-5 h013.9±1.1 vs 1-2 h016.5±0.3 mg kg −1 min −1 ; p00.042; Fig. 1g, h ). While infusion of xylitol alone induced a trend toward increased glycolysis compared with the saline studies, (17.9±2.9 vs 14.5±0.8 mg kg −1 min −1 ), the difference was not significant (p00.326). There were no reductions in glycogen synthesis in the saline or xylitol control studies. With co-infusion of xylitol and NEFA, glycogen synthesis and glycolysis did not differ from the control studies. Of note, given the tracer method used, requiring~1 h to achieve plasma equilibrium, possible early effects of NEFA and xylitol on glycolysis may have been underestimated. Hyperinsulinaemia resulted in approximately fivefold elevations in skeletal muscle Fru-2,6-P 2 levels following the saline studies, compared with fasting levels (2.15±0.32 vs 0.46±0.17 pmol/mg, respectively), yet this effect of insulin was abolished by increased NEFA (Fru-2,6-P 2 00.66±0.10 pmol/mg). The infusion of xylitol alone resulted in further elevations of Fru-2,6-P 2 relative to those in saline studies (3.31±0.02 pmol/mg, p<0.01). However, co-infusion of xylitol restored Fru-2,6-P 2 to levels comparable with those in the saline control studies.
Discussion
These studies examined the metabolic effects of xylitol under hyperinsulinaemic conditions, while approximating the elevated NEFA levels observed in type 2 diabetes. Consistent with previous reports [12] , increased NEFA availability in normal rats caused peripheral insulin resistance within~3.5 h. Xylitol prevented the development of NEFA-induced insulin resistance. A recent study reported that xylitol decreased visceral fat mass and reduced insulin levels in rats on a chronic high-fat diet [8] . As the effects of xylitol on visceral fat mass might have affected insulin action, the current model of acute NEFA-induced insulin resistance allowed us to examine the effects of xylitol on insulin sensitivity independent of body composition. Thus, these studies are the first comprehensive metabolic studies that include insulin clamps, and reveal beneficial peripheral insulin-sensitising effects of xylitol.
Elevated NEFA contribute to insulin resistance in humans including such mechanisms as insulin-signalling defects [2] . Specifically, NEFA are known to impair peripheral glucose uptake, which appears to be attributable, at least in part, to inhibition of glycogen synthesis [13] . In the current studies, xylitol prevented the NEFA-induced decreases in both glucose uptake and glycogen synthesis. Thus, xylitol appears to exert beneficial effects on peripheral insulin action in the face of increased NEFA availability, a hallmark of the metabolic syndrome. In addition, NEFAinduced inflammation may contribute to insulin resistance, probably through circulating factors [3, 14] . While not the focus of the current studies, xylitol may reduce inflammation [15] , which might contribute to its systemic insulin-sensitising effects.
These studies also explored evolving theories regarding the role of glycolysis in NEFA-induced insulin resistance. The formation of hepatic Fru-2,6-P 2 is regulated by Xu-5-Pdependent activation of protein phosphatase 2A [9] . Although xylitol alone increased Fru-2,6-P 2 levels and caused an upward trend in glycolysis, rates of glycolysis remained unchanged with co-infusion of NEFA. Moreover, xylitol alone had no direct stimulatory effect on peripheral glucose uptake in these insulin-sensitive rats. Consistent with previous reports [4] , these findings suggest that impaired glucose oxidation does not contribute importantly to NEFA-induced insulin resistance. As Xu-5-P determines the transcription rates of various metabolic enzymes [10] , preventing a decline in skeletal muscle Xu-5-P could contribute to the beneficial effects of xylitol on peripheral insulin action in the face of increased NEFA availability.
In summary, xylitol infusion during insulin clamp studies in normal rats prevented fatty-acid-induced insulin resistance, with favourable effects on glycogen synthesis and insulin-mediated glucose uptake. While earlier studies have suggested that xylitol may have metabolic benefits, these are the first studies to demonstrate insulin-sensitising effects of this compound in an acute model of insulin resistance and may highlight a promising therapeutic option for overcoming NEFAinduced insulin resistance.
